We study numerically and demonstrate experimentally a novel type of singular optical beams formed by the phase imprinting of an optical vortex into the structure of the three-Airy beams. In contrast to a vortex-free product of three Airy beams, in this type of singular-Airy beam, the vortex in the beam axis causes a twist in the beam transverse intensity profile with propagation. Such a new type of singular beams appears especially attractive for applications in optical micromanipulation.
Introduction
In recent years, we have seen a continued interest in new applications of the so-called "structured" light, meaning laser beams with spatially varying intensity, phase, or polarization [1, 2] . Traditionally, the complex spatial structure of an optical beam is associated with the presence of phase singularities [3] or optical vortices, actively studied in linear [4, 5] and nonlinear [6] singular optics. One of the most developed applications of structured light is optical tweezers, able to efficiently trap and manipulate small particles [7] and already available commercially. Optical micromanipulation with structured light stimulated the development of optical tweezers based on vortex beams [8, 9] , bottle beams [10, 11] , and even self-propelled beams [12] , similar to spiraling beams studied earlier [13, 14] .
Special attention has been devoted to the use of Airy beams [15] [16] [17] [18] [19] due to their unique properties, namely that they are nondiffracting within a diffraction-free zone, undergo self-acceleration during propagation, and display shape recovery after passing through obstacles. Nonspreading Airy wavepackets were studied by Berry and Balazs in 1979 [20] , but the concept of nondiffracting self-bending optical beams was first introduced and experimentally demonstrated by Siviloglou et al. only recently [21] . Quickly after this seminal work, the field of Airy beams has experienced a rapid development with Airy beam particle sorting [16] , secondharmonic generation [22] , and curved plasma channel generation [23] . Airy plasmons polaritons [24] [25] [26] , nonparaxial analogs of Airy beams [27] [28] [29] [30] , and even electron Airy beams [31] have also been recently demonstrated.
The combination of the two highly nontrivial features, namely optical vortices and self-accelerating Airy beam-shapes, also attracted significant attention. The concept of "self-accelerating vortices" [32] was developed in theory [33] and experiment [34] , with many recent results [35, 36] , including dynamics in uniaxial [37] and nonlinear [38] media, as well as particle manipulation with vortex Airy beams [39] .
Recently, the so-called three-Airy beams have been theoretically proposed by Abramochkin and Razueva [40] , and they were experimentally observed in linear and nonlinear regimes [41] . Such two-dimensional beams appear attractive for applications in light trapping due to their complex three-dimensional distribution of intensity pattern, allowing for the construction of novel types of optical tweezers for the trapping of multiple dielectric particles [42] . The three-Airy beams are constructed by a product of three Airy wave functions [40] , with the envelope of the monochromatic electric field E which depends on transverse coordinates r fx; yg
where b defines the transverse scale, while the displacement parameter c defines the structure of the beam. The two choices of this parameter are (i) c 3 −2∕3 a 0 3 , with a 0 3 −4.82, and (ii) c 3 −2∕3 a 3 , with a 3 −5.52. According to the theory [40] , these two examples represent two qualitatively different structures: for the first choice of parameter c these beams have a central intensity peak, while the second choice results in a central dark core resembling a dark core of optical vortices but without the vortex phase singularity.
While the class of beams described by Eq. (1) is quite generic, it lacks the possibility for imprinting a phase singularity in the beam center such as explicit appearance of a topological charge in, e.g., family of Laguerre-Gaussian beams. Such singularity will dramatically change the propagation dynamics of the beam and will allow for the realization of twisted-type optical traps and particle manipulators. However, to the best of our knowledge, the properties of singular beams formed by a product of three Airy beams with vortex singularity imprinted in momentum space have not been studied to date. Here, we report on the first experimental observation of such novel types of singular beams. We study the difference between such beams and the "vortex-free" original three-Airy beams [Eq. (1)] and describe how the imprinted vortex phase dramatically changes the beam propagation behavior. In particular, we observe that singular three-Airy beams are propagated with the twisted intensity distribution and form multiple phase singularities evolving with propagation. Furthermore, the autofocusing properties of such beams are investigated, exploring the capability for using vortex Airy beams in optical trapping and micromachining applications.
First, for the two types of three-Airy beams introduced above, we study experimentally the dynamics of vortex-free three-Airy beams as defined by Abramochkin and Razueva [40] and find an excellent match to previous experiments. We then compare these results with the dynamics of the singular three-Airy beams, namely we imprint in the Fourier space the vortex phase structure in two types of three-Airy beams [Eq. (1)] as follows:
where the Fourier transform is F f 1∕2π R R f x; ye −ixk x −iyk y dxdy, with spatial frequencies k x ; k y , and the vortex charge is m 1. In the following, we will use the topological charge m −1 to match our experiments.
We model the propagation of singular three-Airy beams by solving numerically the paraxial wave equation in free space using the split-step beam propagation method
which governs the evolution of the electric field envelope ψx; y; z of the laser beam. Here, the wavevector k 0 2π∕λ, and as an initial condition we take the function ψx; y; 0 F −1 Ψ 0 .
Experimental Arrangements
In our experiments, we employ a spatial light modulator (SLM) in order to encode the correct field distribution. As such, we prepare holograms encoding the required field as a phase-only mask [43] with the transmission
where the additional tilt K is used to separate the diffraction orders. In the following, we use K 30 in the square window of 768 pixels with width 15b and choose the scale parameter b 1. Figure 1 shows a sketch of our experimental setup. A linearly polarized laser beam (cw, λ 532 nm) with an output Gaussian profile of full width at half-maximum 1.2 mm was expanded using a dual lens telescope (L1 and L2) to a size of 15 mm. The expanded Gaussian laser beam is directed at a small angle to a reflective SLM (Hamamatsu X8267M, 1024 × 768 pixels). Each pixel acts as an electrically controllable phase plate where the total phase shift exceeds 2π radians as a function of the gray level at the cw laser wavelength of 532 nm.
The phase-modulated reflected wavefront is then Fourier transformed by a lens, L3 (f 500 mm).
An iris diaphragm was introduced to the beam path to allow for spatial filtering to block all the unwanted diffraction orders. Finally, the intensity distribution of the isolated first diffraction order along the propagation is recorded using a linear CCD camera (2592 × 1944 pixels). The CCD was mounted on a translation stage oriented parallel to the propagation axis z. The images were taken at different distances from the focal plane, z 0 to 520 mm.
Results and Discussion
We begin our analysis by considering the vortex-free three-Airy beam with parameters c 3 −2∕3 a 0 3 and a 0 3 −4.82. In Fig. 2 and the following figures, we compare the transverse intensity patterns measured experimentally at various distances z from the focal plane of the Fourier transform system (top rows), with the numerical results for the intensity (middle rows), and phase (bottom rows) spatial distributions.
As is clearly seen in Fig. 2 , a triangular pattern of three Airy beams is formed at the focal plane of the lens (z 0) with a diameter ≈0.2 mm. Upon increasing the value of z, the number of lateral side lobes of the beam decreases and a central intensity peak appears at the origin of the triangular beam. It is interesting to note that the observed central intensity peak is a signature of the autofocusing property of the Airy beam at 23 mm, similar to the autofocusing of cylindrically symmetric Airy beams [44] . We define an effective focal distance as the distance between the plane of generation of the Airy beam (the Fourier plane of the lens) and the autofocus position. Most importantly, this distance can be controlled by the initial size and the width of the Airy intensity lobes. Finally, after a long enough propagation z > 520 mm, the triangular shape of the three Airy beam transforms into a radially symmetric Airy beam with a few concentric rings and a central main intensity peak. The experimental and numerical results in Fig. 2 are in perfect agreement with the analytical results of [40] . , as introduced in [40] . Here and in figures below, the intensities in the experimental images (top rows) are scaled from zero (black) to a maximum value (green), the numerical intensities (middle rows) are similar from blue to red, and the phase profiles (bottom rows) are scaled from −π (blue) to π (red). Our main goal here is to study in detail the behavior of singular three-Airy beams with both choices of parameter sets, similar to the investigation of the product of three-Airy beams. In Fig. 3 , the selected cross sections of the normalized beam intensity and the corresponding phases are shown for the singular three-Airy beam of the first type, cf. Fig. 2 . In the focal plane of the lens L3 (z 0), a triangular shape of the singular three-Airy beam is formed, which exhibits a minimum intensity in the center, introduced by the imprinted phase singularity. The triangular symmetry remains primary up to z 48 mm. Noticeably, in contrast to the vortex-free three-Airy beams, we find that the intensity profiles of the singular three-Airy beams experience a twist with propagation along the beam axis. Such "propelling" beam evolution is clearly seen in our case in the range z 17-28 mm. Such twist can be explained by the presence of orbital angular momentum of the complex vortex structure that is formed by the imprinted phase singularity and depends on the charge m of the vortex phase in the middle of the beams. For a comprehensive demonstration of the vortex structure, the bottom row in Fig. 4 depicts the numerically obtained phase distributions of the beam. A pure spiral pattern in the phase pictures is observed at z > 33 mm in Fig. 3 (bottom row). For more complicated cases with larger topological charges, the experimental and theoretical analysis employed here can be applied as well. The intensity profiles of such singular three-Airy beams indicate its potential applications in the optical manipulation of micron-sized particles.
Keeping all of the conditions the same as in Fig. 2 , we also study the product of three Airy beams for c 3 −2∕3 a 3 , with a 3 −5.52. Comparing the intensity and phase distributions of Figs. 2 and 4, we can conclude that this second choice of parameters gives a dark core on the axis, similar to optical vortices but without the vortex phase singularity (see Fig. 4 , bottom row).
For comparison, the "propelling" behavior of the intensity distribution of the singular three-Airy beam for c 3 −2∕3 a 3 , with a 3 −5.52, are depicted in Fig. 5 . The spiral phase distribution of the beam is also shown in Fig. 5 , bottom row. The twist of the beam profile is especially evident near the point of beam autofocusing. In contrast to the case of vortex-free three-Airy beams in Fig. 4 , here the process of abruptly autofocusing results in the formation of three closely confined light beams at a distance of z 28 mm. All experimental results (Fig. 5 , top row) are in excellent agreement with theory.
Conclusions
We have studied the propagation of both vortex-free and singular three-Airy beams. The experimental and numerical studies show that the singular beams that formed by imprinting a phase singularity in the Fourier image of the product of three Airy beams results in a twist of the beam intensity distribution along propagation due to the presence of orbital angular momentum and the on-axis optical vortex. A good understanding of the properties of Airy beams is of importance for optical trapping and the interferometric or remote-sensing applications employing them. Due to their unique spatial patterns, such structured laser beams hold great potential for designing new particle trapping schemes with three-dimensional trapping channels and bottle tunnels.
